INTRODUCTION
Most commonly deployed neutron detectors are primarily sensitive to thermal neutrons, which are detected through neutron capture. Thus a moderator has to be put into place to slow down incoming neutrons in order to be detectable. Moderation directly translates into loss of information about the original energy, precise arrival time, and direction of incidence, aligning all incoming neutrons to an energy region where neutrons coming from different sources, including background, cannot be distinguished any more. This paper presents results obtained with a detection technology capable of directly detecting fast neutrons. No moderator is needed, and thus information about the energy, time of arrival, and direction of the incoming neutron is preserved. This can be exploited to obtain an excellent signal over background ratio in the energy region of interest, as signal and background can clearly be distinguished. The energy spectrum coming from different sources can be obtained, allowing the characterization and possibly the identification of the neutron source. Exposing the detector to different levels of gamma radiation up to 1 mSv/h from a 60 Co source has demonstrated that gamma exposure does not affect the neutron detection performance within measurement statistics.
The possible benefits of such a technology for applications such as radiation portal monitoring are numerous. By exploiting energy and timing information, very low backgrounds in the region of interest (0.5 -5 MeV) of fission neutrons can be achieved. Fast neutron signatures from fission sources can thus be detected at a high signal to background ratio, even in the presence of shielding. This capability may provide a means to substantially reduce the number of false positives in standard security applications, while increasing the probability to detect shielded sources. Insensitivity to high gamma background and the distinction between background and signal neutrons suggests that the detector can work in high radiation environments and in the proximity of commonly deployed active scanning systems, e.g. X-ray scanners.
The spectral capabilities allow identifying or at least classifying neutron sources. The system fulfills the prerequisites for directional neutron detection. The inherent scalability of the technology suggests that desired sensitivity values can be achieved by increasing the number of detectors.
In this paper, the detector and its method of operation are described in Section II. Section III focuses on measurement results and performance, while Section V summarizes the results and puts them into context for the application of radiation portal monitoring.
II. DESCRIPTION OF DETECTOR SYSTEM AND TEST SETUP

A. Configuration
The detection system consists of a scalable number of cylindrical detector modules containing highly pressurized (200 bar) 4 He as a scintillating medium. A single detector module mounted in the neutron calibration facility is shown in Figure  1 . The scintillation light is shifted by a wavelength shifter, collected, and read out via coincidently triggering Photomultiplier Tubes (PMT's) from both sides. From the PMT signals the parameters event localization, energy deposition, radiation type, and interaction time can be extracted with high precision, provided the associated electronics are capable of handling the information without significant loss. The intrinsic scintillation light has fast (~4 ns) and slow (~1.6 !s) decay components, thereby making high-speed read-out with long event records necessary.
The measurements presented in this paper were acquired using a Commercial-Off-The-Shelf (COTS) Data Acquisition (DAQ) solution, with the drawback of being cost prohibitive, limited in channel number and severely limited in the acquisition rate (see Section IV). Furthermore, the COTS DAQ solution did not allow firmware access to implement smart triggering or variable sampling. A custom DAQ system has therefore been developed for future applications, discussed in a separate publication [1] . It offers high sampling rates (GSPS) together with high resolution (10-bit) and large number of channels (16 channels per board). The readout board is based on the DRS4 waveform digitizing chip [2] . The domino pipeline method offers a significant cost and power reduction compared to traditional flash ADCs. The parallel digitization of all DRS4 input channels allows small dead-time of read-out and the continuous sampling mode allows the inclusion of arbitrarily complex trigger logic built entirely in the digital domain using a FieldProgrammable Gate Array (FPGA). A Gigabit Ethernet link provides high-speed connectivity from the DAQ board to the backend system. Built-in board-to-board communication and the modular design of the system offer great scalability and flexibility with respect to the number of supported data channels. The system has been developed to handle interaction rates up to 1 MHz, reading out events at rates above 1 kHz. Its customizable trigger logic is adaptable to allow directional analysis of double scatter events.
B. Method of Operation
Ionizing radiation interacts with the helium gas target in two different ways depending on radiation type. Gamma radiation interacts with electrons, transferring energy through the Compton or Photoelectric process. Neutrons interact by elastic scattering with the target, leading to recoiling nuclei. Electron recoils lead to low densities of deposited energy compared to the high energy density deposited by nuclear recoils. The difference between the two ultimately allows differentiation (See for example [3] ). In both cases the resulting recoil excites the gas, which then produces scintillation light in the extreme UV region. The light is then wavelength shifted into the visible and reflected before finally being detected by Photo Multiplier Tubes (PMTs) outside the high-pressure volume. The voltage pulses are then digitized using the aforementioned custom DAQ system. Figure 2 shows a pair of PMT signals from a typical fast neutron event. Analysis is carried out in quasi real time with a conventional PC and the analysis results displayed to the user as well as recorded permanently to disk. The analysis allows the discrimination of gamma from neutron radiation, assessing time, energy deposit, and position of interaction. Figure 3 shows the relative time of arrival of detected photons from a point-like source compared to the timing of a spread-out source. An excellent system time resolution with a sigma of !2 ns (PMT transit dominated) can be achieved, allowing precise time-of-flight measurement and interpolation of interaction position. for one interaction in a detector module.
C. Measured Parameters
The system separately and simultaneously measures the count rate of events positively identified to be neutrons, as well as the total count rate of interactions in the detector including gamma interactions. This dual use capability enables methods to characterize sources, as described in Section III. In this publication, the former is referred to as the "neutron rate", the latter as the "trigger rate", and the fraction between the two as the "fraction of neutrons in analyzed data" (See Table I ). The measurements in this paper were carried out to quantify the immunity of the neutron rate to gamma irradiation, to show the system's spectral neutron detection capabilities, and to demonstrate the system's capability to simultaneously monitor neutron and gamma radiation.
D. Test Setup
A single high-pressure detector module was taken to a neutron calibration facility located at the Paul Scherrer Institute (PSI), and mounted on a calibration bench as shown in Figure  1 . The facility provided calibrated AmBe and 252 Cf neutron sources as well as a 60 Co gamma sources for carrying out measurements at well-defined stand-offs and exposure levels. An overview of the available sources and the corresponding radiation intensities to which the detector was exposed to during measurements is given in the subsequent section.
These results presented here were carried out with COTS electronics for the DAQ, which had a saturation event rate limit Figure 1 of 500 Hz. Some of the measurements, namely using 252 Cf and high intensity (>100 !Sv/h ) 60 Co sources, led to trigger rates in excess of 500 Hz. Data could not be analyzed sufficiently fast to provide accurate absolute rate values. Nonetheless the number of detected neutrons compared to total triggers is still valid. 
III. RESULTS
A. Neutron Count Rate in the Absence of Calibrated Sources
Results are presented for measurements with one detector module using calibrated neutron and gamma sources (AmBe, 252 Cf, 60 Co). Table I summarizes the measurements. The first measurement is carried out to measure the count rate in the absence of calibration sources. Note that the obtained value of 0.02 cps is higher than background count rate of 0.001 cps measured at another location. This increase is possibly attributable to the proximity of the bunkers in which the rather strong calibration neutron sources are stored.
B. Gamma Irradiation in the Absence of Calibrated Neutron Sources
For the subsequent three measurements the detector was irradiated with gamma radiation at intensities of 10 !Sv/h, 100 !Sv/h, and 1 mSv/h. The expected number of neutrons is derived from the neutron background count rate, meaning, the neutron count rate in the absence of the aforementioned sources scaled by the run time. None of these measurements caused false neutrons to be measured within the statistical expectation for the measurement time window. Figure 4 . The measured response spectra for AmBe (red), 252 Cf (blue) and ambient background (black) sources. The x-axis displays deposited energy in arbitrary units, the y-axis displays the fraction of neutrons detected. The fraction of neutrons (to total radiation) and the shape (hardness of the spectrum) of the spectra are two independent variables allowing source characterization.
C. Calibrated Neutron Source Measurement with and without Gamma Irradiation
In subsequent measurements, the detector is exposed to 17.1 !Sv/h from an AmBe neutron source, where 40.39 cps of individually identified neutrons are measured. The introduction of an additional 13.09 !Sv/h 60 Co gamma source does not significantly alter the detected neutron rate. 
D. Measured Neutron Detection Efficiency per Detector Module
From these measurements, an absolute efficiency of 2.4 cps per detector module per !Sv/h of AmBe neutrons can be deduced. To compare this performance with thermal neutron detectors, two factors must be taken into account.
1) Signal/Noise Ratio:
For fast neutron detectors the absolute efficiency does not reflect directly upon performance. The immunity to background neutrons significantly increases the signal/noise ratio, alleviating the need for high absolute efficiency.
2) Scalability: Unlike thermal neutron detectors, fast neutron detectors are scalable, their performance not being degraded by proximity of other detectors. This particular technology does not rely on rare or expensive detector materials, making scalability feasible from a cost perspective, too.
E. Comparison of Detector Response to AmBe, 252 Cf, and Background
The detector response to calibrated AmBe and
252
Cf sources was measured and compared with the response to background neutrons. Figure 4 shows the measured energy deposit from positively identified neutron events for the three sources. The x-axis of the plot shows the deposited energy in units of photoelectrons in the slow scintillation component, the y-axis shows the fraction of neutrons over total events.
The background in the calibration facility was dominated by gamma interactions, therefore the low fraction of detected neutrons results in a substantially reduced number of entries in the figure compared to those from the 252 Cf and AmBe sources. Clearly the AmBe neutron spectrum is significantly harder (higher energy) than that of the 252 Cf fission source. Further work is required to quantify the systems capability to distinguish industrial from fission sources, or to even identify sources on the basis of their neutron spectra.
To further understand the difference in detector response between artificial sources, natural backgrounds, and the effects of shielding, measurements were carried out with another detector module at a different location. Background data were acquired over a long run until statistics sufficed to provide a more precise background spectrum, see Figure 5 . To qualitatively reference the background spectrum against the response to an artificial source, the system was subsequently exposed to an uncalibrated, collimated AmBe source.
IV. CONCLUSION AND DISCUSSION
A high-pressure 4 He scintillation detector has been demonstrated to offer the following capabilities:
• Spectral response to fast neutrons, classifying sources according to their spectra, and rejecting ambient backgrounds outside of the energy region of interest
• Gamma rejection up to 1 mSv/h
• Capability to substantially reject ambient neutron backgrounds
• Capability to simultaneously measure gamma and neutron radiation interactions
These results suggest that the technology could potentially bring a large benefit when applied to applications such as radiation portal monitoring. The system fulfills the requirements of gamma immunity set out by ANSI N42.38. The technology's scalability from a physical as well as a cost perspective suggests that high absolute sensitivity values can be achieved. Due to the low natural neutron background present in the energy region of interest, a substantially improved signal/noise ratio can be achieved, a feature that can potentially improve performance compared to thermal neutron detectors. The capability to discern industrial from fission neutron sources may translate into higher operational efficiency by allowing adapted ConOps for the two separate cases.
